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(57) Abstract 

A heterojunction bipolar transistor has an emitter which comprises an expitaxial layer of silicon grown on a silicon 
and germanium base layer. The active region of the transistor comprises a semiconductor having a silicon/silicon and ger- 
manium strained lattice and the silicon and germanium base layer is grown on a silicon substrate whilst mainta inin g com- 
mensurate growth. The lattice strain is such as to produce a predetermined valence band offset at the emitter/base junction. 
The mobility in the base is also enhanced over that of an unstrained alloy of the same composition. 
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HETEROJTJNCTION BIPOLAR TRANSISTOR 

This invention relates to a heteroj unction bipolar 
transistor. 

There is continuing and increasing interest in 
improving the operating speed of bipolar transistors in 
microcircuits, particularly in the context of VtSI 
circuits for high-speed and ultra high-speed logic 
applications . 

One route to such speed improvements/ which has been 
relentlessly pursued to the practical li m its of existing 
technology , is the reduction in feature size of the 
devices. In connection with this, new self -aligned 
processes, which remove the need to provide for alignment 
tolerances, continue to be developed. 

An alternative route to achieving higher operating 
speeds is to use gallium arsenide (GaAs) or other related 
III-V compound semiconductors in place of silicon, since 
the electron mobility and saturation velocity are higher 
in GaAs and the other III-Vs than in silicon. 
Unfortunately, although at first sight it appears possible 
to achieve a respectable speed increase by producing GaAs 
versions of bipolar transistors which are conventionally 
made of silicon, such an approach does not in fact give 
rise to any significant improvement in performance. The 
problem is that, in such devices, it is necessary to keep 
the base width small, and use only low levels of base 
doping, with the result that the base resistance tends to 
be high. In order to keep the base resistance acceptably 
low, high hole mobility is needed. Unfortunately, 
although electron mobility in GaAs is high (which is 
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useful for giving short emitter-collector transit times) , 

hole mobility is less than half that of silicon, resulting . 

in excessive base resistance. 

An approach to making high speed bipolar devices in » 
GaAs which gets round the limitation of poor hole mobility 
is to produce the device as a hetero junction bipolar 
transistor (HBT) using aluminium gallium arsenide ( AlGa As ) 
and gallium arsenide. (GaAs). 

In an HBT, the emitter is formed of a material having 
a larger energy gap than the base, whereby injection of 
holes from the base into" the emitter is prevented and it 
becomes possible to use heavy base doping, and hence very 
. thin C 1000A°) base widths, without excessive base 
resistance. 

Unfortunately, although HBTs theoretically offer quite 
exceptional performance (for more details of which see the 
review paper by Herbert Kroemer in PROC-IEEE, Vol.70, No. 
1^ January 1982), they have proved exceedingly difficult 
to make. 

The bulk of the work done on HBTs has involved the use 
of AlGaAs and GaAs, in part because of the superior' 
electronic properties of GaAs r but also because it is 
possible to make very high quality AlGaAs-GaAs 
hetero junctions ; tJhfortunatelyy fabrication of GaAs HBTs 
is very complex because of the difficulties inherent in 
GaAs processing. In particular r the absence of a native 
oxide means that processing is limited to etching and 
non-selective deposition, which in turn means that GaAs 
devices are essentially non-planar. It can be seen, 
therefore, that there are appreciable costs associated 

with the speed advantages offered by GaAs. It is to the ? 
reduction of these costs , while realising the benefits of 
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improved speed, that work on HBTs has been directed in 

recent years. 

The comparative ease with which silicon can be 
processed and the ubiquitous nature of silicon processing 
together provide a strong incentive for the development of 
an HBT which is compatible with existing silicon 
technology. A few silicon based wide-gap emitter 
transistors have been reported. For example , gallium 
phosphide-silicon has been tried with disappointing 
results; and, with a heavily-doped "semi -insulating 
polycrystailine" silicon emitter on a silicon base (the 
polycrystalline/amorphous silicon having a wider band gap 
than that of the single crystal silicon of the base), the 
results achieved have been better, but are still a long 
way short of those obtained with AlGaAs/GaAs . 
Consequently, research on HBTs continues to be centred on 
the use of GaAs* 

The aim of the invention is to provide a method of 
fabricating HBTs which- is largely compatible with known 
silicon processing techniques. 

The present invention provides a heterojunction 
bipolar transistor having an emitter which comprises an 
epitaxial layer of silicon grown on a silicon and 
germanium base layer, wherein the active region of the 
transistor comprises a semiconductor having a 
silicon/silicon and germanium strained lattice, the 
lattice strain being such as to produce a predetermined 
valence band offset at the emitter/base junction whilst 
maintaining commensurate growth. 

Advantageously, the lattice strain is such as to ■ 
enhance the effective mobility of electrons in the base. 
Preferably, the lattice strain is tailored throughout the 
base depth such that the energy separation between the low 
mobility and high mobility conduction bands is increased 
towards the collector. 
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In a preferred embodiment:, the base comprises an alloy 
of silicon and germanium , the alloy being grown on a ilOo) 
plane of silicon. The germanium content of the silicon 
and germanium base layer may lie within the range of from 
12% to 20%, and is preferably at least 15%. 

Using a silicon germanium alloy base, it is possible 
to produce devices which, apart from the growth of the 
heterolayers , are made using conventional silicon 
processing steps. The heterolayers may be grown using 
molecular beam epitaxy (MBE) . 

Embodiments of the invention will now be described 
with reference to the accompanying drawings in which: 

Figure 1 shows six-fold degeneracy of the silicon 
conduction band; 

Figure 2a shows the four-fold degeneracy of the 
conduction band of strained flOo) Si-Ge layers; 

Figure 2b shows the two-fold degeneracy of the 
conduction band of strained silicon; 

Figure 3 shows the band discontinuity in tlOol 
Sis Si-Ge? 

. Figure 4 shows the band structure of a conventional 
silicon bipolar transistor; 

Figure 5 shows the doping levels of the- same - . . : r 
conventional silicon transistor; 

Figure 6 shows the band structure of an HBT. using - 
Si: Si-Ge; 

Figure 7 shows the doping levels for a HBT with 15% 
germanium content in the base; and 

Figure 8 shows a simple mesa etched HBT. 

Since silicon and germanium have different lattice 
constants, it is possible to tailor lattice strains by > 
adjusting the relative proportions of silicon and 
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germanium in the alloy layers. In this way, it is 

possible to engineer band structures and band offsets, so 

that charge carrier transport can be modified. However, 

layer thickness is limited, since dislocations result from 

excessive thickness, the critical thickness being 

dependent upon the germanium content. 

In unstrained SiGe, the conduction band remains 

Si-like until the molar Ge content exceeds about 85%. It 

has a six -fold degeneracy with a conduction band m inimum 

lying in each of the<100> directions (see Fig. 1). Thus, 

for an electron travelling in a given direction, the 

effective mass is averaged over all six minima since these 

are approximately equally occupied. In the <100> 

direction, this requires averaging over two heavy 

longitudinal masses (0.98 m Q ) and four light transverse 

masses (0.19 m ), and gives 0.45 m , where m is the 

o o ° j I 

stationary electron mass. But, for SiGe grown on a T100J 

Si plane, the unit cell is distorted from the cubic system 

into the orthorhombic , by forcing the atoms closer 

together in the plane. This breaks the six-fold 

conduction band degeneracy,, and forces two minima up in 

energy (by about 150-170 meV when the Ge content is 20%) 

and- four down (see Fig. 2) . Thus, the lowest -conduction 

band consists only-of the four lobes which -lie in the 

plane, and an electron traversing this layer experiences 

mainly the light transverse electron mass. The effective 

mass is, therefore, lowered to that of the transverse mass 

which is similar to that of silicon. Thus, in the 

strained layer, the electron* s effective mass is reduced, 

and its mobility increased over that of unstrained alloys 

of the same composition. However, the mobility will not 

scale directly with effective mass. 



If the heterostructure were to be grown on a {ill} 
plane, the distortion would be from the cubic into the 
hexagonal system. As the six-fold symmetry of the 
resulting crystal would remain, the degeneracy of the 
conduction band would not be split, and the effective mass 
of the electron would not be significantly altered » 

In addition to the mobility changes associated with 
the heterostructure, the layers of differing composition 
have different" band-gaps and offsets. If SiGe layer is 
grown on a jlO'O) Si substrate, there is a small 
discontinuity in the conduction band, but a major 
discontinuity in the valence band. Following growth on a 
SiGe substrate (which may simply be a thick SiGe buffer 
layer grown on Si) , there is a discontinuity in both 
bands, as shown in Figure 3. This discontinuity varies 
with both strain and composition. 

In the <111> direction, valence band offsets are 
similar to those in the <10O> direction, but the 
conduction band in the Si is lower than in the SiGe for 
all substrates^ 

Figure 4 shows a schematic band structure of a 
conventional hpn silicon transistor under normal bias 
conditions. Because the emitter has to be very heavily 
doped, it suffers band gap narrowing, and there is a 
smaller barrier to holes than to electrons at the 
base-emitter junction. As the current gain in a 
well-designed transistor is given largely by the ratio of 
electrons and holes crossing this junction, the base must 
have a much lower doping than the emitter. This also 
prevents breakdown.. For high frequency operation, the 
base must be narrow, because the electrons drift across 
this (with a low effective acceleration voltage of fcT/q, 
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where k in Boltzmann's constant, T is the thermodynamic 
temperature, and q is the charge). Consequently the 
collector must have a low doping, so that the depletion 
layer is in the collector rather than in the base, 
otherwise the base would punch through at too low a 
collector voltage. This gives a large depletion region, 
and a large contribution to the transit time, even though 
the electrons traverse it at saturated drift velocity. A 
compromise is usually made between punch-through voltage, 
collector transit time and collector capacitance, whereby 
the collector doping is increased deeper into the 
transistor. A tyical doping regime is shown in Figure 5. 

As well as the time .taken for the electrons to 
traverse the base and the collector, there is a component 
of transit time, given by the product of the emitter 
resistance and the sum of base-emitter and base -col lector 
capacitance. As the emitter resistance is the slope 
resistance of the diode, its value falls as emitter 
current increases. The transistor must, therefore/ be 
operated at the highest possible value of current density 
to get the best speed. However, when the density of 
electrons injected into the base from the emitter becomes . 
too large, the base -collector junction is pushed into the - 
collector (the Kirk effect),, and the time taken for 
electrons to drift across the base increases sharply. 
Thus, there is a natural maximum operating current which 
is related to the base doping. 

The effects of these individual time constants are . 
summed into one figure of merit, the transit frequency 
f^, which is inversely proportional to the sum of the 
transit times. Clearly, the larger this parameter is, the 
faster circuits can operate. However, when a real 
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transistor is made, the circuit is also slowed down by the 

time constant of the base resistance and. the 

collector-base capacitor. A second figure of merit f 

max 

is applied which takes account of this effect. As the < 

base is low-doped, the base resistance is high, and only 

by using very fine dimensions (particular layer-layer 

tolerances} can ^ may he made reasonably large. 

Self -aligned bipolar transistors are under development, 

and these promise very large values of f / such that 

max 

f t once again becomes the limiting factor. Values of 
f^ in excess of 10-15 GHz are extremely difficult to 
achieve with a conventional device. 

Because there is an energy barrier preventing hole 
injection into the emitter, the wide -gap emitter HBT 
allows gain to be high, even for a heavily-doped base. 
Thus base resistance can be very low. More importantly, 
the base does not widen (as a result of the Kirk effect) 
until a much higher injection level, and the transistor 
may be operated at a significantly higher current density, 
thus reducing the emitter charging time. Also, the 
collector doping can be increased, without pushing the 
depletion region into the base, and the collector transit 
time is also reduced- Since the base width is less 
sensitive to operating voltage, it can be made somewhat 
smaller, to reduce its transit time. Finally, if a 
strained SiGe {'10 oj layer is used for the base, the 
predicted mobility will .reduce the base transit time even 
further. 

Thus the silicon-germanium HBT offers a way to 
increase f^_ substantially above the values available 

with silicon bipolar transistors. - A value of 20 GHz * 
should be feasible for a 0.15-0.2 urn base width, with 

further improvement possible at even narrower dimensions. * 
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The foregoing theory suggests the use of a Si emitter 
with a SiGe base grown coinmensurately on flOOj Si. Figure 
6 shows the band structure of a suitable layer arrangement. 

An example of a Si-Ge HBT of a very simple 
construction is shown in Figure 8. The relevant doping 
profiles are shown in Figure 7. This simple structure is 
readily formed using molecular beam epitaxy (MBE) and mesa 
etching . 

At a base width of between 0.15 and 0.2 um, the 
germanium content in the SiGe layer can be up to 20% , 
giving a bandgap discontinuity in the valence band of 
about 150 meV, whilst maintaining commensurate growth of 
the SiGe layer on the Si substrate. Preferably , the 
-germanium content of the SiGe layer is at least 15% , 
though useful results are obtained with a lower germanium 
content. Assuming equal Gummel numbers in the base and 
the emitter , a germanium content of 20% would give a gain 
of<v300, and this allows the base Gummel number to exceed 
that of the emitter.. With a high base doping of 1E19, and 
an emitter doping of around 1E18, a gain of *v 100 is 
obtained. This is an ideal value to give the required -3-5 

V emitter-base breakdown voltage. To make contact to the 

emi tter , this doping level is inadequate, but it can 
safely be increased at the surface, at a distance of at 
least 0.15-0.2 um from the base. The collector can be 
doped at 1E16 to 2E16 to give a fairly, short transmit 
time, and ample breakdown voltage, but should rise to a 
buried layer of 1E19 at a distance of about 0.2-0.5 pm. 
With this doping profile, the collector must be silicon to 
ensure that the bandgap difference at the emitter junction 
appears in the valence band rather than the conduction 
band. The band discontinuity at the collector junction 
has little effect, as it is swamped by the applied bias. 
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For a simple structure , such as that shown in Figure 
8, the collector contact can be made to the back of the 
wafer, and the emitter area can be defined by a mesa 
etching technique. Mesa etching right through the base 
" layer , to reduce the base/collector contact area may be 
beneficial, but this etch need not be controlled 
accurately. Figure 8 shows the structure formed in this 
manner, and Figure 7 shows the required doping profiles. 

For integrated devices, it is of course necessary to 
deposit dielectric and metal layers . This can be done 
using the techniques used in silicon processing. For nigh 
performance devices, selective epitaxy offers a method of 
reducing base area and also permits the introduction of 
heteroepitaxy after initial processing. This avoids 
problems with temperature cycling of strained materials. 
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CLAIMS 

1. A he tero junction bipolar transistor having an 
emitter which comprises an expitaxial layer of silicon 
grown on a silicon and germanium base layer, wherein the 
active region of the transistor comprises a semiconductor 
having a silicon/silicon and germanium strained lattice, 
the lattice strain being such as to produce a 
predetermined valence band offset at the emitter/base 
junction. 

2. A bipolar transistor as claimed in Claim 1, 
wherein the silicon and germanium base layer is grown 
epitaxially and commensurate ly on silicon. 

3. A bipolar transistor as claimed in. Claim 1 or 
Claim 2, wherein the lattice strain is .such as to enhance 
the effective mobility of electrons in the base, above 
that of unstrained material of the same composition. 

4. A bipolar transistor as claimed in any one of 
Claims 1 to 3, wherein the base comprises an alloy of 
silicon and germanium, the allow being grown on a 100 
plane of silicon. 

5. A bipolar transistor as claimed in Claim 4, 
wherein the lattice strain is tailored throughout the base 
depth such that the energy- separation between the two-fold 
and four-fold degenerate conduction bands is increased 
towards the collector. 

6. A bipolar transistor as claimed in any one of 
Claims 1 to 5, wherein the germanium content of the 
silicon and germanium base layer lies within the range of 
from 12% to 20%. 

7. A bipolar transistor as claimed in Claim 6, 
wherein the germanium content of the base layer is at 
least 15%. . 
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8. A bipolar transistor as claimed in any one of 
claims 1 to 7, wherein the transistor is fabricated by 
selective epitaxy. 
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